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Characterising power quality disturbances resulting from current
limiting fuse operation

Caracterizacion de Perturbaciones Eléctricas Causadas por la Operacion de Fusibles
Limitadores de Corriente

N. Ortiz S, J. Blanco § G. Ordofiez® V. Barrera N

Abstract— This article presents novel and easily implemented
tools for characterising electrical disturbances originated by fuse 1.INTRODUCTION

operations. A methodology is described that (with the use of some Th i . d din th | .
descriptors) led to identifying electrical disturbances of this kind. e power quality concept was introduced in the electric

The algorithm’s decision thresholds were estimated using POWer sector, there has been great interest in studying
machine learning techniques. This work was aimedat providing €lectrical disturbances affecting service quality. There is great
new tools for assessing power quality, characterising and current interest in studying electromagnetic disturbances
extracting information from voltage and current records affecting power quality. Recent investigations have studied
obtained from monitoring distribution systems. MATLAB was  different types of disturbance and their associated causes for
used for validating_ this methodolqu, receiving voltage and improving power quality.
Eﬂgﬁggcﬁrﬁ of simulated events in ATP-EMTP and also real  glacromagnetic  disturbances and  their  consequent
put. economic impact have prioritised their analysis by the
electricity sector, having special interest for utilities. The
actual regulatory framework states that these companies have
to implement monitoring equipment in power systems to
Resumen— Este articulo presenta nuevas herramientas de e€cord electromagnetic disturbances and are required to report
facil implementacion para la caracterizacion de perturbaciones Power quality-related indicators. Progress must thus be made
eléctricas originadas por la operacion de fusibles. Se describe unain this kind of research.
metodologia que, mediante el uso de algunos descriptores, Electromagnetic disturbance-related research is interested in
permite la identificacion de esta clase de perturbaciones identifying the localisation of and causes associated with a
eléct_ricas. I’_os_umbrales de d_eci_sién del z,:ll_goritmo son es_tim_adosspeciﬁC event. These causes are often related to internal
mediante técnicas de aprendizaje automatico. Este trabajo tiene network anomalies or external faults.

como objetivo proporcionar nuevas herramientas para evaluar la . . .

calidad de energia, caracterizando y extrayendo informacién de f’rotectlvet device duse andt coordlr;atltop alre t%ug usetzd
los registros de tensién y corriente obtenidos a través de la ‘O PTEVENt SEVEre —damage loan e€lectrical — grid due 1o
monitorizacién en los sistemas eléctricos de distribucién. La Such anomalies or faults; they operatein a characteristic

validacion de la metodologia se realiza en MATLAB tomando Way, according to the type of protection and pertinent

como sefiales de entrada algunos registros de tensién y corrienteoperating principle. Fuse protection is one of the most

obtenidos por simulacion en ATP-EMTP y utilizando también widely used in power systemsdue to its operation

algunos registros de eventos reales simplicity, protection features and low cost compared to
other protection devices.

Palabras Claves— Perturbaciones electromagnéticas, fusibles  Some phenomena have an impact on power
limitadores de corriente, descriptores, analisis multivariante de la qualityduring fuse operationwhich is reflected in voltage and
varianza (MANOVA). current waveform distortions which can be recorded

by monitoring equipment. There has been increasing interest
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measuring poin

To continucthis line ofstudyand summasingthe result
presented ithe aformentionedpublications, tt paper
develops ar proposes methodology base
on characterisingwavefor perturbations

2. FUSE OVERVIEW

A fuseis a simple an reliable safety devic whichhas grea
advantage compared to other protectiv devicedue to
its ease of applicaticand the abilit to protect people ar
equipment. It is current sensitivdevice cinsisting of a
conducto element having asmall crosssectior which s
usually surrounded  k anarc-extinguishemand a  hee
sink encased i cartridge (usual cylindrical) and equippe:
with terminalconnectioss.

The fuse element iscontained inside a cartridge,
normally consising of a wire o metal strip witla reducec
sectiorand is calibrate according to itcurrent capacity
Thele is high current densiin this metallic sectic for a
given value anfor a preset time, proding the meltin¢ of the
element anthe openin of the circui whichit is protectin.
A leac-based alloy is useor fuse elements in the case low

voltages and current:and a tap-based coppe
or aluminiumalloy in the case chigher current:

Its main functioas a protective device
tointerrupt acircuitwhen  there are high  curren

especiall concerninioverload and/or short circu, andthe
ability to withstand thtransient recovery volta that
occur: subsequent a faultbeingcleared.

Mosifuses ar specified according their currentvoltage
ratinc andinterrupting capacity. Nominal curr¢indicates
the current that can flo through the deice without melting it
or exceedin the temperature limit. Nomin
voltage specifieshe maximum voltage th can be applieto a
fuses terminalitand interrupting capacidefines the
maximur short circuit currer that afuse cal safely interrupt
If afault current iimuch greater thara fuse’sbreaking
capacity thenan explosion may occ when operating, di to
high pressurand electromagnetic stress. According
its breaking capacit installation locatio and costjt is
possible to select t type of fusein relation tcelectrical
system requiremen

This work considers curre-limiting fuses. A curren-
limiting fuseisa fas-acting devicehaving less than &alf-
cyclefault current interruption time introducing hi
resistanc intoa circuit. Sone distortions in voltage ar
current waveforms are shownFiguresl and Z

The fusible element, whose length greater thai
the expulsion fus and is located with silica sand t focusthe
arc (Angelopoulo, 1991), aises pressur along thduse
elemett and produces momentar increas in resistance
limiting fault current, thus reducing operation t to a value
considered in ttfirst half cycle of thecurrent wav (Wright
andNewbery 2004, pp. 38
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Figure 1 Voltage distortio causedy curren-limiting fuse operatio
( Kojovicet al., 1998)

3. FUSEMODELLING AND SIMULATING ITS
OPERATION

A curren-limiting  fusewas modelled ¢a nonlinear
resistanc according t Kojovic and Williams (Kojovicet al.,
1998) The two mair parameters taken into accoun its
modelling were the fuse’s ming poin' I°t and the fuse’s ne-
linear resistance characteris after melting open. Th
implemented model was taken from a 8.3 [kV], 20 [A]cur-
limiting fuse

This modl was implementedn ATPDraw and simulate
on two test circuits who record were obtaine for
charactessing the disturbances and for future tests
themethodology. A 3-node system and a -node syster
(Kersting and Dugan, 20C were used in the sirations.

4000
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Figure 2. Current peak for operatior the currentimiting fuse
(Kojovicand S. Hassler, 199

4, METHODOLOGYAND IMPLEMENTATION

The following sections describe relevant asp
of eachstage indevelping and elaborang the methodology
According to waveform disturbance types, ased in
MATLAB, different descriptors were proposed and explail
These waveforms correspced to simulated eventin ATP-
EMTP, as mentionein section 3.

Applying a multivariable statistical analysfor obtaining
the relevance factofor every descriptor and selecg its

decision threshold according to automatic lear
methodologies is presented later, as well as th
methodological design and some tests on diffe

disturbances previously identified its validatior.
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A. Descriptor formulation

Descriptor formulation wis based on disturban
waveforms, taking the characteristics identified(Allen et
al., 2010)as a starting poini.e. event duration, disturban
starting and finishing angles, overcurrent slope risk sdope
fall and fault/ pre-fault current ratio. A group of descriptc
was proposed fomeasuringhese characteristic

A.l Instant triangular shape coefficient (iTSC)

This descriptorwas defined asinstant current sign
triangular form coefficient. Itwas proposed to estima
whether current waveform duringa disturbance td &
triangular form. It was originally proposed by Blanco
Jagui(2009, pp. 39) for RMS vals. If current is differento
curren-limiting fuse operational valueheniTSC will report
small values close to zero, because the electrical ci
patternis different o that ofa triangle.

Instant current length is comparto the lengt of one side
of a reference trianglto quantify this categcsation the
vertex is equal instant current -fault, pos-fault and
maximum or minimum value recorded duria disturbance
(Figure 9. In other words, it measures the degree to w
overcurrnt value sequencepatternresembles the referen
triangle's sides. The following factors were estimatefor
calculatind TSC:

A.1l.1 Smilarity coefficients (CC and C9):CSwas the
difference between the sihaving i positive slope and curre
length was calwlated from the pi-fault point i,) to the
sample containing maximum instantaneous overcu
(imax)- CCwas the difference between the triar's side
having ¢ negative slope and current lenwas betweeni,,,,
to pos-fault current i;).

The mathematical expression for current lerwas:

n-1
by = ) (VAT + (i) — 1))
(1)

i=2
wheren was the total number of samples recorded du
each curren

fc, — 4,
fc,

te, — ¥
—| CC
fc

p
2) . N
wherefc,, andfc,were the referenctriangle’s positive anc
negative slope side

Al.2 Limitation coefficient (LC):This coefficient examine
the percentage of currents points appearing outside
reference triangle. This percentage referred to the total nt
of samples in a recormn).

LC — Nout-4 (3)

Nout—aWas the number of sampleshereinstant current valu
appeaedoutside the reference triang

The instantaneous triangular shape coefficient was

mathematically definewith these coefficients
iTSC=1—-(CC+CS+LC)4)

Hence, itwould be¢ expected that thiTSC descriptorhad
values close to one for curr-limiting fuses. Tle same
analysiswas performed for disturbances presduring the
negative ser-cycle taking the event seque’sabsolute
value.

A.2 Increased zero-sequence impedance (1ZO) and increased
negative-segquence impedance (12)

Descriptors 1Z0 andlZwere used to calculate the degree
load unbalanceA variation of tlis kind of impedance
typical on the load output due to openg protection devices
i.e.fuses.

120 and 1Z were defined as the difference between :
sequence impedance integrals before and a disturbance

120 = Zopos—fault - Zopre—fault (5)

20— ()

Z0 it =
A - t
pre;pos—fau Zpre,pos—fault

Z0prepost—fawieWascalculater during two cycles before ar
after adisturbance anwas thesum of the magnitudes of ze
sequence impedanceZ,(t)) in p.u of the pr-fault and po«
fault fault at each instant of tim

With this result the load outpulould be identified after .
fault, therebybecoming a fuse operation indica
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3 L 4
25 B
=
=
¥ 2 1
(&)
L i . p
145 0 iy
1 L 4
1 1l 1 1 1 1 1
150 200 250 300 350 400 450
Samples

Figure3.Triangular shagdcurrent peak

A.3 Disturbance time delta (ATP)

Descriptor ATP was defined as the number of samg
between thedisturbance’s final and initial points, divided
the total number of samples per cy

ATP = Nfinal~Ninitial (7)

Neycle
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To determine the initial and final points of an ew
decompositiorwas executed by wavelet transfocoefficients
(WTCs) according to Ve( (2007); such decompositiorwas
done by the Bior 3.9 family

The detail coefficients vector (Clwasthenanaly®d. This
vector preseled points on the signal where sudden char
appeaed Sample selectionwas perforned, taking intc
account points of the CD vector excing the mean valuef 3
standard deviation:

Up =|CD|+3+a(CD) (8)

This is representein Figure5 as the horizontal line, whe
Figure 4 is the original signal. The initial poiwas defined a
the sample corresponding to the first intercepted peaké
Upline, observed from left to right and the final powas
defined as the sample corresponding to the first interce
between thdpline and the first peg, but observed fim right
to left.

A4 Instant current upslope and downslope (iPI*andiPI~):
Descriptors iPItandPI~ estimatd the ratio of instan
current growth and decay during disturbance time were
defined as the slope of linear regression calculate current
values betweeiy - i,,q, fOriPI* and i, g, - i; foriPI~.
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Figure4. The time domain sigr

Important information about the transient state of the ¢
could be extractecwith these descriptors arfuse operatior
with other shor-duration faults ould beruled ou. Electrical
current upslopes and downslopwere estimations offuse
behaviour during melting and arcing tiilduringoperation.

A5 Instant voltage fall percentage (%iVF)
Instant voltage fe percentage refers to the de( of voltage
reductionduring aparticulardisturbance

%iVF =1 — <V(n)disturbance) (9)

v(Wreplica mean

Amplitude

A o oo S -

-20

i i i i I
0 1000 2000 3000 4000 5000 6000

Samples
Figure5. Detail coefficients by wavelet transform Bio8

An identical voltage signewas constructedo that of th
original pre-fault datfor suchcalculation and the mean val
of the ratio between both voltagwas calculatedwith th
samples correspoing to the disturbanc

Consequetly, events hving 40% to 60%reduceinstant
voltagecorresponihg to fuseoperationstatistical valueould
be identified with this descript

A6  Currentratio (Igari0)

This descriptor determines the overcurrent values ree
during the first disturbancwhich compared to other valu
reached by the currelimiting fuse offers orientatior
regarding fus operation identification. It is defined

ifault

Ipatio = ipre—fautt (10)

wheré; g, andiyye— raWeresuct currentspeal values.
So IxarioWas the ratio between the peak current atta
during the disturbance and -fault peak currer

A7  Dissipated energy (12t)
The 12tdescriptor wa used to estimate the amount of ene
dissipated byafusewa defined as the intral of the fauli
current squared and estimated during the event

12t = [Ji%dt = %i*(n)  (11)
This descriptor differentiad the disturbances caused
expulsion fuses and the caused by curre-limiting fuses.
Expulsion fuses dissipate energy r 10000 [A’s] and

current limiting ones dissipabelow this amoun(Kojovicet
al., 1998)

A8 Instant rectangular shape coefficient (iRSC)

ThelRSC descriptor is proposed as an esilor for calculatirg
voltage signa’ disturbance shape, which is norme
presented as a rectangular sh
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Figure 6. Real voltge notch?,,; and ideal voltge notch?y;

This descriptorwas intended to obtain the rectangt
tendencyregardingvoltage values durinfuse operation.

It was calculated by comparing the lengths of
rectangle’s bas(taking an ideal square as refere) formed
by initial and final sampl¢ valuesconcernini the disturbanc
and the least absolute value recorded dusuchevent. The
least absolute vae was considered due to the probability t
disturbance ould occur on a positive or negative s-cycle
Reference rectangle base lenwas defined a:

‘Bsi =n-—-1 (12)

{si: Maximum length of the ideal signal
n: total samples number during the disturbance
The ength of the instant values on the voltage ncwas
defined as

Ce = TP V(1) + W(niy) —v(n))?)  (13)

fme: Voltage notch length

With these lengtt, the instant rectangular shape coeffici
could be mathematically defined

iRSC = _“’m;:’si (14)

A9  tfuse operation insertion angle (FOIA)

This descriptor represeed voltage signal phase angle wt
fuse operation bean. This descriptowas proposed for voltac
waveforms and not for current waveforms because ctL
signals are more likely to be distorted by high freque
components proding unwanted zero

The operation anglwas measured from the z-cross pior to
the disturbance until the instant vawhen ai event began.

The insertion point of the fault ia signal must be identifie
to calculate the descriptor, determining whether it cred on
a positive or negative se-cycle and estimating the an¢

3000 -
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o

-1000

#Merucen

-2000 b

-3000 }
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Samples

Figure7. Fuse operaticangle voltage

2500

The number of samples between the two reference fwas
then determine. The number of samplewas counted fron
the initial fault point, counting backwards until a sighange
was detectectherebyindicating a zer-cross.

According to the initial eve’'s sem-cycle, the descriptc
valuewas:

_ (#ncrossy)*360

+FOIA = (15)

Ncycle

(%—(#ncmsscu))*%o
(16)
Neycle

Neycre: Number of samples during a cycle

—FOIA =

A.10 thenearest zero-crossing (NZC)

After a disturbance has appeared, it is important to ide
the instant when it disappears due to fault clearing, te
semicycle¢ final instants (zer-crosses)as reference poi
The NZCdescriptor estimad fault clearing point proximit
to the nearest ze-cross.It would thus have beedetermined
whethe the disturbance was preseregarding a different
current value than normal waveformz-crossng, this being
themain charactistic of curren-limiting fuse¢ fast actior
TheNZC descriptor calculad the number of sample
between disturbance final point and the -cross nearest 1
that point. A similar procedure toat presented in section A
was followed, the differencbeing that in this descriptor th
number of samples between the -crosses before and af
the final point of the evenwere recorded. The descript
value was the least of the two distances divided by the
number of samples per cy«

B. Multivariate analysis of variance (MANOVA)

A multivariable statistial analysis ws performed after
applying a set of 79 current and voltage signals (obtaire
simulation ancreal electrical systemreco) to establish th
previously described descript’ effectiveniss and the degre
of relevanceof each in identying current and voltage ever
caused byfuse operation. These signawere identified anc
classified itto three classes (according to the type of cat
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capacitor bank energising, current-limiting fuse operation adchnique based on an iterative algorithm searching for IF

expulsion fuse. THEN rules (Clark and Boswell, 1991).Every iteration l®ok
Multivariable analysis verified the existence of groups dior a set of descriptors covering a large number of examples

classes in the data,i.e. it sought whether there were clowdspecific class and just some from another classes so this

corresponding to fuse-related disturbances (current-limitecould be used to make a reliable prediction of the class

and expulsion) and capacitors in the descriptors (variables)ntaining the covered examples.

space. Significant descriptors were thus identified by amply = Consequently, and in order to avoid fake data from CN2,

MANOVA. the heuristic of Laplacian estimate of mean error was used
MANOVA's purpose was to explore how independen{Peter and Robin. 1991).

variables affected dependent variables’ behaviour (Barker amdble 2 presents the selection rules obtained.

Barker, 1984), i.e. the degree of influence regarding theteven

in each characteristic revealing the importance of each Table 2. Extracted rule set using cn2 inductiomafm

descriptor regarding an event'’s origin (limiting fusgpulsion

fuse, capacitor bank energising). Rule CAUSE ASSIGNATION
For example, current-limiting fuse operation was considered If ATP <0.5313 and
as an independent variable and the descriptors so formulated (1.721<iRSG338 or Cause=current-limiting
were dependent variables. 0.402<iTSG1) and fuse
NZC>0.047

Parametd®-corrected (see Table 1, third column)as a
result of this analysis indicated the degree of influen€e
the cause of the event on each one of the exposed descriptor
Rvalues (corrected close to the unit)
indicatedgreater relevance regarding the originof a
disturbance. Descriptors were selected which had the greatest
degree of influence, t_hose ha\{lﬁﬁcorrectgd > Q.5values. [F0.813<ATP<9 918 and

According to this criteria, descriptoraTSC, ATP, NZC>0.047and _
iRSCandNZCwere selected as relevant descriptors for (0<iRSG<13.17 and - Cause=capacitor bank
electromagnetic disturbance characterisation based on current- 65.66<i'FSC§0.402) energising
limiting fuses.

Table 1 presents a list of the descriptors explained m thi
section and their correspondiRgindex

If ATP >9.918 and
NZC<0.047 and
(IRSC<0 or iTSCG-
65.662)

Cause=expulsion fuse

Table 2 shows that some of the obtained decision rules
implied causes which were not studied by this article;such
rules would have allowed the discrimination of current-
limiting disturbances from other causes. Some descriptors

Table 1. Proposed descriptors and their relevacoarding to a
statistical analysis

Descriptor Definition R A . - . .
- Instant triangular-shaped were identified which could be useful in studying thegents.
iTSC - 0.639
coefficient _
ATP Disturbance time delta 0.727 D. Methodology design
iPI* Instant overcurrent upslope 0.002 Figure 8 presents the automatic identification of electrical
iPI° Instant overcurrent downslope 0.023 disturbances caused by current-limiting fuse operation.
%iVF Instant voltage fall percentage 0.046 Monitoring voltage and current were the input. Selected
iraTio  Instant current ratio 0.036 descriptors were then calculated and the results were used to
12t :D'Sts'pftedte”er?y e 0.035 evaluate case decision.
RSC  [siecanosersnaved ggas
+FOIA Fuse operation insertion angle 0.123 E. Test casesand result analys's_ . .
NZC The nearest zero-crossing 0.717 Some results and operational details regardingthe
170 Increased zero-sequence 0.100 methodology are presented. Three different _ty_p_es of
impedance ' disturbance are presented:that caused by current-linfitsey
|Z- i'pncggg?:ﬁge”egaﬂve'seqUence 0.046 operation (simulated record), expulsion fuse operation (real

record) and capacitor bank energising (simulated record).

C. Slecting the decision thresholds

Selecting decision thresholds was the search forsuitable
values so that descriptors could distinguish betweenrélifte
causes and prevent overlapping disturbance grouping
according to cause. Data mining was used to obtain these
thresholds,being a pattern and regularity recognition tecaniqu
used with large databases.

The CN2 algorithm was used, being an automated learning
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Current [kA]
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b)
Figure9. Disturbance caused by curr-limiting fuse operation evoltage
[kV]. b) current [kA].

CLF NO OPERATION

Table 3 Descriptors for a disturbance caused by cu-limiting fuse

operation
DESCRIPTOR VALUE
ATP 0.1663
iTSC 0.9571
0,402<iTSC<1 iRSC 26.9974
OR NzC 0.1964

1,721<iRSC<338

Table 3 presents descriptor values for a disturbance cz
by a currer-limiting fuse simulatecin ATPDraw.ATP was
less than .5313 and it ould be considered as a possi

source ola disturbance, given thatTP=(.1663 indicatd that

CLF OPERATION it represente a short diturbance.
The fault clearance was different from zeregardingon
instant, the overcurrent peawas triangularshapd (iTSC

close to the unit) and the event was presn the voltage
Figure 8. Framework for identying disturbances related currentlimiting waveform as a rectangu-shaped notch (RS between
fuseoperation threshold values
So, according to the proposed methodology, this rewas
classified as a disturbance caused by ci-limiting fuse
E.1 Current-limiting fuse operation operatior

E.2 Expulsion fuse operation
The next recorwas taken from a real substat'sdatabase
regarding a disturbance caused by expulsion fuse oper

15 T T T T

Voltage [kV]

[ e -H-| H- EH- - -H-H{

Voltage [p.u]
=)
1

4 1 I I 1 I 1 I I 1 B 111 ________ _____ i 5_ 1T
0 001 002 003 004 005 006 007 008 009 01
Time [s]
Rl B e ST -
a)
s i i i i i i i
0 01 02 03 04 05 06 07 08
Time [s]
a)
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Current [p.u]
|

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [s]

b)

Figurel0. Disturbance caused by expulsion fuseoper:
a)wltage [p.u] blcurrent [p.u]

Table 4.Descriptors for a disturbance caused by expulsise

operation
DESCRIPTOR VALUE
ATP 11.0625
iTSC -46503:
iRSC -0.9894
NzC 0.0781

According to Table4, it was concluded that the disturbar
was not caused by curr-limiting fuse operationFigure 8)
because its duratiowas a semr-cycle ATP way over thi
unit). Also, instant signal disturbance waveforiwere not
triangula-shapé (current) or rectangulashapd (voltage)
because iTSC and iR\wereless tharzero and fault time wa:
close to a zel-cross NZC=0).

E.3 Capacitor energising.

The methodologwas testecby usinga simulated recor
(Santoset al., 2001) of capacitor bank enesing.
The methodologyruled outthat the cause was a curl-
limiting fuse, due to thhigh ATP value (see Tabb).
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Figure 11Capacitor bank eneising a)wltage [kV].
b) aurrent [A].

Table5. Descriptors of a disturbance caused by capacitak

energising
DESCRIPTOR VALUE
ATP 9.3125
iTSC -38.41782
iRSC 544.1908
NzC 0.2813

5. CONCLUSION¢

A methodology has been proposedthe automatic detectio
of events caused by operig curren-limiting fuses

The charactesation of events caused by curl-limiting fuses
was based on the selection of a set of descripfor
qguantifying relevant disturbancecharacteristicCombining
statistical tools with preious analysis of input registeled to
develojing descriptors which were evaluated to obtain t
effectiveness. Thresholds decisions were estimby using
data mining techniques. This methodology was validated
a set of real and simulated eve
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